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ABSTRACT  19 
The lifecycle of individual (initially line-shaped) contrails behind aircraft and of contrail 20 
cirrus (aged contrails mixed with other ice clouds) is described. The full contrail lifecycle is 21 
covered, from ice formation for given water, heat and particulate emissions, changes in the 22 
jet, wake and dispersion phases, until final sublimation or sedimentation. Contrail properties 23 
are deduced from various in-situ, remote sensing and model studies. Aerodynamically 24 
induced contrails and distrails are explained briefly. Contrails form both in clear air and inside 25 
cirrus. Young contrails consume most of the ambient ice supersaturation.  Optical properties 26 
of contrails are age and humidity dependent. Contrail occurrence and radiative forcing 27 
depends on the ambient Earth-atmosphere conditions. Contrail cirrus seems to be optically 28 
thicker than assessed previously and may not only increase cirrus coverage but also thicken 29 
existing cirrus. Some observational constraints for contrail cirrus occurrence and radiative 30 
forcing are derived. Key parameters controlling contrail properties, besides aircraft and fuel 31 
properties, ambient pressure, temperature and humidity, are the number of ice particles per 32 
flight distance surviving the wake vortex phase, the contrail depth, and particle sedimentation, 33 
wind shear, turbulence and vertical motions controlling contrail dispersion. The climate 34 
impact of contrails depends among others on the ratio of shortwave to longwave radiative 35 
forcing (RF) and on the efficacy with which contrail RF contributes to surface warming. 36 
Several open issues are identified, including re-nucleation from residuals of sublimated 37 
contrail ice particles.  38 
  39 
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1. Introduction  40 
Contrails (condensation trails) form behind aircraft as line-shaped cirrus clouds, with 41 
high concentrations of small ice particles compared to other cirrus, see Figure 1. Contrails 42 
may form as “exhaust contrails” from water and particles emitted by the aircraft engines 43 
(Schumann 1996) or as “aerodynamic contrails” forming because of adiabatic cooling near 44 
curved surfaces of the aircraft (Gierens et al. 2009; Kärcher et al. 2009). Distrails (dissipation 45 
trails) and aircraft-induced cloud holes may also form (Heymsfield et al. 2011). Contrails are 46 
mostly short-lived but may persist for many hours when forming in ice supersaturated air 47 
(Minnis et al. 1998). Individual contrails deform with time, often merge with other contrails 48 
and cirrus and eventually form “contrail cirrus” (Schumann 2002). Contrail cirrus can be 49 
distinguished from other cirrus only when traced back to the formation process (Graf et al. 50 
2012). Early studies discussed the visibility and detection aspects of contrails (aufm Kampe 51 
1943; Brewer 1946; Appleman 1953; Ryan et al. 2011), and these studies contributed to the 52 
detection of ice supersaturation, contrail persistence, the dryness of the stratosphere, the 53 
Brewer-Dobson circulation (Brewer 2000), and hollow ice particles (Weickmann 1945). The 54 
climate impact got more attention later (IPCC 1999).  The mean radiative forcing from 55 
contrails is likely positive, possibly contributing to global warming (Boucher et al. 2013). In 56 
contrast to many other climate effects discussed for aviation, contrail cirrus is observable, see 57 
Fig. 1f. This review summarizes the present understanding of contrail cirrus and identifies 58 
some open questions. The insight gained may be of relevance for cirrus research, contrail 59 
climate assessment and mitigation (including optimized aircraft and engines, changed routing, 60 
and alternative fuels), not discussed here (Fuglestvedt et al. 2010; Lee et al. 2010; Grewe et 61 
al. 2014a; Brasseur et al. 2016). The paper describes first the formation and properties of 62 
“individual contrails”. This term is used instead of “line-shaped contrails” because it is not 63 
clear when a line-shaped contrail ends. The second part describes contrail cirrus.  64 
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2. Individual contrails 65 
2. 1 Mean contrail properties  66 
Since contrails start as line-shaped clouds, different from most other cirrus clouds, 67 
special integral properties are used. Just as other cirrus particles, each contrail particle has an 68 
individual mass mi, projected particle cross-section area Ai, habit, and orientation (see list of 69 
symbols). These properties plus the phase, composition, temperature and wavelength 70 
determine the optical extinction efficiency Qext, i and other microphysical and optical 71 
properties of each particle (Hansen and Travis 1974).  Integral properties peculiar to contrails 72 
are the geometrical cross-section area Ac, and the total crystal number Nice, total extinction 73 
EA, and total ice mass I per flight distance, 74 
  iceciice nAnN ,          (1) 75 
WArNQAQnEA careaiceextiiexti   2, ,      (2) 76 
cvoliceiceii AIWCrNmnI  3)3/4(         (3) 77 
Here, the volume-mean ice particle concentration nice, extinction , and ice water content 78 
IWC occur, with mean extinction efficiency Qext and ice-bulk density ice, besides optical 79 
depth τ and contrail width W. The above equations also define the volume and area-mean 80 
radius of the contrail particles, rvol and rarea. By tradition, the definitions are set up so that they 81 
equal the geometrical radius in the idealized case of monodisperse spherical particles (Hansen 82 
and Travis 1974). The effective radius reff is defined by the ratio of mean particle volume to 83 
cross-section area, reff= 3 I Qext/(4 ice EA). Again the factor (3/4) enters for consistency with 84 
a hypothetical sphere radius. By definition, rvol/reff= rarea
2/rvol
2. The ratio C= rvol/reff depends on 85 
ice particles sizes and habits, and needs to be determined empirically; C1 if the ice particles 86 
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were spherical. Measured data collected for contrails show that C 0.7±0.3 varies during the 87 
lifetime of the contrails and depends on ambient humidity (Schumann et al. 2011).  88 
The aircraft wake evolution is traditionally divided into the jet, vortex, and dispersion 89 
regimes (Hoshizaki et al. 1975). After a roll-up phase (Misaka et al. 2015) overlapping with 90 
the jet regime, the vortex regime exhibits two phases: a first phase of a coherent counter-91 
rotating vortex pair and a second phase with rapid hydrodynamic vortex breakup and 92 
subsequent turbulent dissipation (Gerz and Holzäpfel 1999; Paoli and Shariff 2016). 93 
2.2 Formation of exhaust contrails 94 
2.2.1 Formation conditions 95 
Exhaust contrails form during the jet phase because of engine emissions of water and 96 
particles (mainly soot, i.e., impure carbon particles resulting from incomplete combustion of 97 
hydrocarbon fuels (Bond et al. 2013; Petzold et al. 2013)) acting as cloud condensation nuclei 98 
(CCN). The emissions depend on fuel mass flow mF per flight distance (all-engine 99 
contribution) and on emission indices for exhaust species (gaseous or particulate, EI and PEI; 100 
mass and number of emitted species per mass of fuel burned). A fraction  = F/(Q mF) of the 101 
specific combustion energy Q is used to propel the aircraft (depending on mF and thrust F), so 102 
that the fraction (1-) of Q appears in the young exhaust jet plume, partly in form of kinetic 103 
energy of the jets (Schumann 1996). The remainder heats the aircraft wake later, when all 104 
motions induced by the aircraft are dissipated.  is known as ”overall propulsion efficiency” 105 
in engine technology (IPCC 1999). Contrails form when the exhaust gases exceed liquid 106 
saturation at least for a short time. Humidity (measured by partial vapor pressure) and heat 107 
(measured by temperature) in the exhaust plume decrease during mixing of the warm and 108 
humid exhaust gases with cool ambient air at about the same rate, along a straight mixing line 109 
in  Fig. 2a.   Relative humidity is the ratio of the partial pressure of water vapor in the exhaust 110 
relative to the saturation vapor pressure for given temperature. From the Clausius-Clapeyron 111 
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equation, the saturation pressure follows a curve in this figure. Therefore, relative humidity is 112 
higher inside the plume than at engine exit and in ambient air. Maximum potential 113 
supersaturation is reached when the plume temperatures reaches TLM (LM for liquid 114 
maximum). The plume humidity exceeds liquid saturation at least briefly when the ambient 115 
air temperature T is below a threshold temperature TLC (LC for liquid critical). TLC depends 116 
on ambient relative humidity RH (for liquid saturation) and a parameter G, 117 
G
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with saturation pressure psat(T) over liquid water. From these equations, TLM(G) and TLC(G, 119 
RH) can be determined by Newton iteration or from approximate solutions (Schumann 2012). 120 
The parameter G covers the dependency of the threshold on ambient pressure p, and EIH2O, Q, 121 
and , defined above, and the specific heat capacity cp of air, and molar masses MH2O and Mair 122 
of water and air. This Schmidt-Appleman criterion (SAC) (Schumann 1996) does not consider 123 
phase changes and the process of ice production. It assumes quick conversion of kinetic 124 
energy from the engine jet into internal energy, and simultaneous mixing of heat, water vapor, 125 
and aerosols between the exhaust jet and cloud free ambient air. Within the accuracy of 126 
temperature and humidity measurements, the SAC has been verified experimentally (Busen 127 
and Schumann 1995; Schumann et al. 1996; Jensen et al. 1998b; Schumann et al. 2000). The 128 
measurements confirmed earlier findings that ice saturation is insufficient for formation of 129 
visible contrails. Fig. 2b-f shows probabilities of contrail formation properties for the global 130 
air traffic of 2006 and meteorology from the European Center for Medium-Range Weather 131 
Forecasts (ECMWF). The plots show the frequency of flight conditions (p, T, , RHi), in 132 
relation to threshold conditions. Potentially, without phase changes, 90% of the contrails 133 
experience liquid supersaturation (RHLM-1) higher than 5% (up to 230% for low T), mainly 134 
near plume temperatures of 230 K for ambient temperatures near 220 K.  135 
7 
 
2.2.2 Contrail ice formation 136 
For conventional jet fuels and engines, contrail ice particles are frozen water droplets 137 
containing some soot or other CCN material (Kärcher et al. 1996; Wong and Miake-Lye 138 
2010). Because of potentially high liquid supersaturation, liquid droplets form even on less 139 
hygroscopic CCN in the young contrail (Koehler et al. 2009). This is supported by particle 140 
refractive index measurements in young contrails suggesting internal mixtures of soot in 141 
contrail ice particles (Kuhn et al. 1998). A significant reduction of interstitial non-volatile 142 
particles has been observed when contrails form, indicating that exhaust soot indeed 143 
participates in ice formation (Schröder et al. 1998). Besides soot, volatile aerosol forming in 144 
the engine exhaust plume may also contribute to ice nucleation, in particular at low ambient 145 
temperatures and for low soot particle emissions (< 1014 kg-1) and low ambient temperatures 146 
(< 213 K) (Kärcher and Yu 2009; Wong and Miake-Lye 2010). High concentrations of 147 
volatile aerosol have been observed (Fahey et al. 1995). The effect of fuel sulfur content is 148 
smaller than expected initially (Schumann et al. 1996; Jurkat et al. 2011).  149 
For ~10 % of all contrails, the ambient temperature is only 1 K below the threshold 150 
temperature. Here, details of the CCN become important (Kärcher et al. 2015). Ice particles 151 
form either by homogeneous freezing of the liquid droplets (not involving ice nuclei) or 152 
heterogeneously by ice nuclei (Wong and Miake-Lye 2010). The fraction fc of soot particles 153 
forming droplets decreases with soot loading because of the increased competition for the 154 
vapor available for condensation (Kärcher et al. 1996; Paoli et al. 2013). For alternative fuels, 155 
with different aerosol and aerosol precursor emissions, ice may form by freezing of water 156 
droplets forming on soot (possibly heterogeneously) for high soot concentrations and from 157 
volatile material (homogeneously) for less soot (Rojo et al. 2015).  158 
The number Nice of ice particles per flight distance forming in the young contrail depends 159 
also on the time available for condensation and for ice formation. Without freezing, the 160 
8 
 
contrail particles would soon evaporate even in ice-supersaturated but liquid-subsaturated air. 161 
The liquid droplets freeze quickly after formation because of low temperature and high 162 
relative humidity in the contrail. Liquid saturation may persist more than 10 s along the plume 163 
axis but < 0.1 s at the outer edge of the exhaust plume. Faint contrails become visible to 164 
passengers already close to the engine exit for low temperature, see Fig. 1d, and about a wing 165 
span after engines under threshold conditions (Busen and Schumann 1995). In the interior of 166 
the well-mixed plume, condensation starts many wing spans behind the engine (Schumann et 167 
al. 1996; Paoli and Shariff 2016). Outside the plume center, mixing proceeds far quicker, 168 
leaving less time for condensing water during liquid supersaturation.  Ice particles at the outer 169 
edge of contrails experience higher relative humidity and less competition for the available 170 
moisture than in the center, thereby getting  larger than in the contrail interior, as observed 171 
(Petzold et al. 1997; Heymsfield et al. 1998).  172 
2.2.3 Mixing and plume dilution  173 
Mixing of the exhaust jet plume depends on interaction between the jet and the wake 174 
vortices in the roll-up phase (Khou et al. 2015), with similar characteristic timescales of 175 
mixing and condensation (Wong and Miake-Lye 2010; Paoli et al. 2013). The wide range of 176 
time scales may be important for contrail formation from alternative fuels.  177 
Mixing can be expressed in terms of a dilution ratio Ndil (Schumann et al. 1998). Here, 178 
Ndil is the mass of air inside the plume per mass of fuel burned, both per flight distance. This 179 
definition avoids any dependence on air-fuel ratio in the engine which arises if dilution is 180 
defined relative to engine exhaust mass flow. Measurements have shown that the dilution of 181 
tracers near the plume center follows approximately  182 
8.0
0 )/(7000 ttNdil  ,         (5) 183 
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where t0= 1 s. This result is a bit surprising because it is independent of aircraft and 184 
atmosphere scales, but has been confirmed by various measurements, and applied successfully 185 
for estimates of aircraft exhaust concentrations and plume ages (Schäuble et al. 2009; Rojo et 186 
al. 2015).  187 
2.2.4 Soot emissions 188 
Since other emissions scale with fuel consumption mF per flight distance and with an 189 
emission index, it makes sense to define an apparent particle emission index PEIice such that 190 
Nice = PEIice mF. If each ice particle would share the same amount of exhaust water, in ice-191 
saturated ambient air, and after cooling to ambient temperature, then the volume mean radius 192 
would be  193 
   3/12 4/3 iceiceOHvol PEIEIr  ,        (6) 194 
implying 67.0volr  m for EIH2O=1.24 and PEIice =10
15 kg-1, with ice  917 kg m-3 as ice 195 
bulk density (if without air bubbles). This simple analysis shows the high importance of PEIice 196 
for contrail properties. Since we expect PEIice = fc PEIsoot, we need to know fc and the soot 197 
number emission index.  198 
Soot formation, mainly from fuel aromatics, is fuel, engine and power dependent (Moore 199 
et al. 2015). Lower fuel aromatics (naphthalene) content reduces PEIsoot (Braun-Unkhoff and 200 
Riedel 2015). Modern engines tend to emit less soot than older ones (Lee et al. 2010). The 201 
mass msoot of soot particles, relating EIsoot=msoot PEIsoot, increases with thrust setting (Timko 202 
et al. 2010). The mass-specific soot emission index EIsoot is traditionally determined from 203 
ground tests (using smoke number measurements), and more recently from ground-based 204 
direct measurements (Timko et al. 2010; Boies et al. 2015). EIsoot at cruise can be estimated 205 
from ground-based measurements and engine parameters (Peck et al. 2013). Stettler et al. 206 
(2013) show that current methods deriving aircraft soot mass emissions from smoke number 207 
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data may underestimate the mass emissions by about a factor of three, partly because smaller 208 
particles contribute little to the smoke number measurement. From the few experimental data 209 
points from in-situ measurements behind cruising civil subsonic aircraft, in particular during 210 
the former SUCCESS (Anderson et al. 1998) and SULFUR projects (Petzold et al. 1999; 211 
Schumann et al. 2002), one finds PEIsoot of 0.2 to 101015 kg-1 and msoot  (4±2)10-20 kg. 212 
More information is required on soot number emissions (PEIsoot) and on the fraction fc of soot 213 
acting as CCN for given contrail formation conditions.  214 
2.2.5 Number of ice particles formed 215 
Ice particles and soot particles under cruise conditions are difficult to measure 216 
simultaneously. Part of the soot gets scavenged by contrail ice (Schröder et al. 1998), and 217 
therefore ice and soot are measured behind aircraft separately in dry or wet plumes (Brock et 218 
al. 2000). The mentioned SULFUR project showed that the number of ice particles in young 219 
contrails is comparable to the number of soot particles emitted from the engines. PEIice 220 
increases slightly (by factor <2) when fuel sulfur content increases from 6 to 2800 g/g. The 221 
effective PEIice derived from in-situ contrail ice particle measurements (Schröder et al. 2000) 222 
with dilution from Eq. (5) varies between 1014 and 1015 kg-1 (Schumann 2005). During a more 223 
recent field experiment “CONCERT” (Voigt et al. 2010), ice particle concentrations were 224 
measured in contrails behind various airliners for contrails of a few min age. The derived 225 
PEIice values vary between 0.7 and 7.21014 kg-1, with the higher values in the secondary 226 
wake above the sinking primary wake (Jeßberger et al. 2013). The results were compared with 227 
PEIsoot values derived from ground measurements for given flight conditions, and it was found 228 
that PEIice is larger than the PEIsoot (Schumann et al. 2013a). This suggests that aircraft either 229 
emit more soot particles suitable for contrail formation than estimated or that particle losses 230 
are less than predicted. The effect of alternative fuels on particle emissions and the formation 231 
of contrails is investigated since May 2014 within ACCESS II and ECLIF projects (B. 232 
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Anderson and H. Schlager, AGU 2015). In summary, Nice,0 in the young contrail can be 233 
estimated from the soot emissions and the fuel consumption per unit flight distance,  234 
FsootcFiceice mPEIfmPEIN 0, .        (7) 235 
2.3 Aerodynamic contrails, distrails and cloud holes 236 
Aerodynamic contrails show nicely colored iridescent line clouds (Fig. 1b). Contrail 237 
iridescence was observed for contrails early (Sassen 1979). Aerodynamic contrails form from 238 
intense adiabatic cooling in the airflow over aircraft wings (Gierens et al. 2009). The colors in 239 
the aerodynamic contrail are explained by the rapid growth of nearly monodisperse particles, 240 
which are visible when observed close to the sun (Kärcher et al. 2009). Only recently it was 241 
shown that most of the visible particles form from homogeneous droplet nucleation (Jansen 242 
and Heymsfield 2015). The meteorological conditions for aerodynamic contrail formation 243 
have been examined in a case study and globally (Gierens et al. 2011; Gierens and Dilger 244 
2013). Visible aerodynamic contrails occur in an altitude range between roughly 540 and 250 245 
hPa, preferentially at temperatures between -20°C and -50°C, and for RH> 80% (Jansen and 246 
Heymsfield 2015). The number of ice particles formed in aerodynamic contrails is not well 247 
known, but likely smaller than for exhaust contrails (Kärcher et al. 2009). Often exhaust and 248 
aerodynamic contrails form simultaneously (see Fig. 1a and b). Aerodynamically induced ice 249 
particles may cause inadvertent seeding of ice in supercooled clouds. This explains observed 250 
aircraft-induced holes in clouds, at temperatures between -10 to -20°C (see Fig. 1c). These 251 
holes may contribute to snow precipitation near airports (Heymsfield et al. 2011). Distrails 252 
(dissipation trails) are visible occasionally from ground and in satellite images as linear gaps 253 
in clouds (Duda and Minnis 2002). Distrails may result from exhaust or from mixing induced 254 
by aircraft (Scorer and Davenport 1970). For nice distrail photos and historical remarks, see 255 
Pedgley (2008). 256 
2.4 Contrail wake vortex phase 257 
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Wake vortices depend on aircraft properties including aircraft wing span s, mass M, true 258 
air speed V, and on atmosphere parameters, such as air density , Brunt-Väisälä frequency 259 
NBV, turbulence dissipation rate t, and gravity g, which together define wake vortex scales:  260 
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Here, b0 measure the lateral distance between the vortex lines,  the integral vortex 262 
circulation, and t0, w0, N
*
BV, and  t* are the related time, velocity, stratification and 263 
dissipation scales. The wake vortex forms because of aerodynamics: Lift balances aircraft 264 
weight by inducing downward momentum on the air behind the aircraft wing. Lift requires 265 
circulation (Kutta-Joukowski theorem). Circulation is the integral of velocity along a line 266 
around the wing and equals the integral of the open surface bounded by that line (Stokes 267 
theorem). Vorticity departs with the flow from the wing rear edges or the wing tips depending 268 
on the lift distribution along the wing (Anderson 2010). Some distance behind the aircraft, a 269 
vortex pair forms, which sinks with mean speed w0 initially, until buoyancy becomes 270 
important or until hydrodynamic instabilities have grown sufficiently to cause a sudden 271 
breakup into dissipating turbulence. The jet regime ends ~4 to 40 wing spans behind the 272 
aircraft, depending on speed, engine number and engine positions, when the exhaust jets and 273 
the freshly formed contrails got captured in the wake vortex system (Gerz and Ehret 1996). 274 
Depending on this interaction, most of the exhaust gets captured in the primary wake vortex 275 
(Greene 1986). Part of the exhaust stays outside and above the sinking primary wake and 276 
forms the “secondary wake” (Misaka et al. 2012; Holzäpfel 2014; Paoli and Shariff 2016). 277 
Only a fraction fs of the ice crystals formed in the jet survives the transition from contrail 278 
formation until final decay of the wake vortices (Sussmann and Gierens 1999). Any initial ice 279 
supersaturation in the contrail gets reduced rapidly by deposition of the vapor excess on the 280 
many ice particles in the jets, before the vortex has descended much and reached its lowest 281 
13 
 
altitude. The sinking vortex experiences adiabatic heating (Greene 1986), which causes a 282 
slight local subsaturation around the ice particles, even sensitive to the Kelvin effect, i.e. a 283 
reduction of saturation pressure depending on particle curvature and surface tension (Naiman 284 
et al. 2011; Lewellen 2012). As a consequence, the smaller ice particles sublimate and the 285 
number of ice particles decreases (Lewellen and Lewellen 2001). The secondary wake 286 
contains fewer but larger ice particles and binds more ice water because of quicker mixing 287 
with ambient humid air and less heating by adiabatic sinking. At low ambient humidity, the 288 
primary wake may sublimate after some time while the secondary wake persists longer 289 
(Sussmann and Gierens 2001). The fraction fs of ice particles surviving the wake vortex 290 
depends on temperature and humidity, and on the wake vortex scales, and also on the number 291 
and size of ice particles formed in the jet phase. The fraction can be estimated from a 292 
parameterization based on several recent large eddy simulation (LES) studies (Unterstrasser 293 
2016). As a consequence, any decrease in particle emissions causes a less than linear decrease 294 
in the number of ice particles. It would be important to validate these model results by 295 
measurements.  296 
A set of data of individual contrails for ages from seconds to hours is compiled in Fig. 3 297 
from previous in-situ and remote sensing observations and from a recent model study. The 298 
data include ice particle concentrations, sizes, ice water content, geometrical depth, width, and 299 
optical depth. Integral properties (Ac, Nice, EA, I) are also available (to be reported 300 
elsewhere). The observations support the assumption that the number of ice particles in 301 
contrails is controlled by the heat, humidity and aerosol in the engine exhaust and the 302 
formation process in the jet phase, and decrease thereafter. Artifacts produced by crystal 303 
shattering on the inlets of the particle probes can yield measurement errors, in particular when 304 
large particles are present (Korolev et al. 2011). Most contrail particles, formed at low 305 
ambient temperature, are small and, hence, shattering is likely small (Febvre et al. 2009; 306 
Voigt et al. 2011). The data synthesis shows no obvious indication, like exceptionally high ice 307 
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particle concentrations, that ice particle shattering at instrument inlets had strong effects on 308 
past contrail measurements.  309 
It is generally assumed that residuals from sublimated contrail ice particles do not get 310 
reactivated when again entering ice supersaturated air. As noted by Zhou and Penner (2014), 311 
soot particles processed in contrails may be better ice nuclei than fresh soot. The residuals 312 
may still contain some ice in particle gaps that is not sublimated, and the residuals may be 313 
quite large when including aerosol parts from nucleation and scavenging. This topic is of 314 
relevance both for contrails and cirrus formation and has not been studied conclusively yet. If 315 
such reactivation occurs in contrails, it could explain high survival fractions of ice particles in 316 
the vortex regime.  317 
Besides the number of ice particles, the depth D and, to minor degree, the width W of the 318 
wake vortex systems are important for the climate effect of contrails. The depth influences the 319 
optical depth (Voigt et al. 2011); W and D control volume specific ice concentrations and D 320 
together with shear and turbulent mixing are important for subsequent horizontal spreading 321 
(Konopka 1995). The plume width during the vortex phase is close to aircraft engine span 322 
(Greene 1986) but widens during vortex breakup, e.g. after vortex ring formation, and for 323 
strong stratification (Misaka et al. 2012; De Visscher et al. 2013). 324 
A parametrization of the wake vortex descent depth  Dw during the two wake vortex 325 
decay phases has been derived by Holzäpfel (2003). Recent results suggest larger descent 326 
distances than predicted. The contrail depth Dc may be smaller when the primary vortex 327 
sublimates and larger when buoyancy causes some lift above the flight level. Figure 4 328 
compares results for D, i.e., wake vortex depth and contrail depth, with various experimental 329 
data and LES results. The non-dimensional descent D/b0 depends on the stratification 330 
parameter 
*
BVN  and on turbulence, 
*
t , see Eq. (8). For low stratification, D depends strongly 331 
on ambient disturbances initiating hydrodynamic instabilities. For weak shear, vortex rings 332 
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may form, after a time 6 b0/w0 (Delisi and Greene 2009).  The results differ partly because of 333 
different initial disturbances, Reynolds number, and numerical resolution. Deep wake depths, 334 
possibly sinking beyond D/b0 > 20, are observed in laboratory experiments and idealized 335 
simulations with little stratification, little turbulence, and little wind shear, and wind shear 336 
gradient (Delisi and Greene 2009). For high humidity, some of the contrail LES results show 337 
larger D. It is not clear how much the age (6 min; reaching into the dispersion phase) 338 
contributes to the larger D.  339 
The humidity inside dense contrails decreases to ice saturation shortly after contrail 340 
formation. This is a consequence of large products nice rarea (size per volume) of ice particle 341 
concentrations nice and ice particle sizes rarea, implying small timescales tsat of humidity 342 
relaxation to saturation by deposition/ sublimation of water vapor on the ice particles, tsat  343 
(4π DH2O nice rarea)-1 (Korolev and Mazin 2003). Here, DH2O is the diffusion coefficient of 344 
water vapor in air. Kaufmann et al. (2014) measured humidity inside a contrail which was 345 
close to saturation for nice = 117 cm
-3 and rarea = 0.5 μm, implying tsat  23 s. Here, tsat is 346 
smaller than the contrail age (>90 s), in spite of the rather small ice particle sizes, in this case. 347 
Hence, RHi inside contrails is mostly well relaxed toward saturation. As visualized in LES 348 
(Naiman et al. 2011; Picot et al. 2015), deviations from saturation occur at the contrail 349 
boundaries.  350 
The total optical extinction EA=W τ of the contrail near the end of the vortex phase 351 
depends on Qext and Nice=fs fc PEIsoot mF and  rarea2, see Eq. (2). The ratio C relates rarea2 with 352 
rvol
2. The volume radius rvol, Eq. (3), depends on the third root of the mean particle mass. The 353 
mean particle mass depends on the bulk density ice and on the amount of water per ice 354 
particle in the contrail, i.e., approximately, on the water emission (EIH2O mF) distributed over 355 
the cross-section Ac= Ndil mF/, with air density , and the water uptake from ambient air, for 356 
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given ice saturation pressure pice(T), pressure p, temperature T, relative humidity over ice 357 
RHi, and air and water molar masses, so that (Jeßberger et al. 2013), 358 
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Hence, EA grows linearly with fuel consumption mF, the third root of the ice particle 360 
emission index and the 2/3 power of dilution and supersaturation. 361 
Unexpectedly large (15-20 m effective diameter) ice particles have been measured in 362 
young contrails during CONCERT (Jeßberger et al. 2013). The concentration of crystal with 363 
diameters exceeding 10 μm could not be reproduced with models for the measured conditions. 364 
It seems that some ice particles start to grow early (e.g. at the outer edge of the young exhaust 365 
jet, perhaps on small ambient cirrus particles), consume most of the ice supersaturation, and 366 
grow to sizes as measured, but details have not been explained.  367 
In summary, after the wake vortex phase, the contrail contains a number Nice = fs fc 368 
PEIsoot mF of ice particles, and has depth D, width W, and an ice water content I, mainly 369 
determined by the jet and vortex dynamics, and ambient humidity, and Eq. (3) determines 370 
corresponding particle sizes. 371 
2.5 Contrail dispersion phase  372 
Contrails in the dispersion phase are far more difficult to explain than in the jet and wake 373 
phases. Mixing is no longer controlled by aircraft-induced motions. Instead, the atmosphere, 374 
with all its complexity, causes mixing. Initially, mixing is controlled mainly by shear and 375 
ambient turbulence. Wind shear is highly variable because of mesoscale horizontal motions. 376 
Turbulence at flight levels is difficult to predict for many reasons (Sharman et al. 2012; Paoli 377 
et al. 2014). Latent heat effects are small for low temperatures. However radiative heating can 378 
contribute to destabilize the cirrus and contrail layers by infrared cooling at cloud tops and 379 
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terrestrial warming from below, in addition to heating by absorption of solar radiation (Jensen 380 
et al. 1998a; Unterstrasser and Gierens 2010a). The process gets far more complex when ice 381 
sedimentation gets important, and contrail particles fall into drier or more humid air below the 382 
contrail levels (Bock and Burkhardt 2016). The terminal fall speed of particles depends on 383 
their size (Reynolds number) and habit (Heymsfield et al. 2013). By sedimentation, large 384 
particles separate from the smaller ones, thinning the upper contrail part. The upper part 385 
contains most of the exhaust and may still contain a considerable number of small particles, 386 
observable as the “contrail core”. Smaller ice particles may sublimate earlier than larger ones, 387 
in particular when the Kelvin effect becomes important, causing “in-situ” particle losses 388 
(Lewellen et al. 2014). Falling ice particles may aggregate with smaller ice particles causing a 389 
reduction of the number of ice particles (Kienast-Sjögren et al. 2013). When the larger 390 
particles fall into more humid air, the ice particles grow and fall even more quickly, so that 391 
fallstreaks develop and eventually precipitate (Freudenthaler et al. 1995; Atlas et al. 2006; 392 
Unterstrasser et al. 2012). Hence, the thickness DIS of the ice supersaturated layer below the 393 
contrail influences the life-cycle (Sussmann and Gierens 1999; Lewellen 2014). Finally, one 394 
has to consider cirrus-contrail interactions. Contrail and natural cirrus particles, when present, 395 
compete for ice supersaturated air and this may have strong effects for growth of existing ice 396 
particles and nucleation of additional ice particles. Little is known about potential new 397 
contrail ice particle formation during the contrail lifecycle. However, the observations 398 
collected in Fig. 3 support the assumption that the number of ice particles in contrails does not 399 
increase with contrail age (Spinhirne et al. 1998). 400 
The period of contrail existence of radiative importance may be shorter than the whole 401 
lifetime: The region in which contrails form may get covered by natural cirrus after contrail 402 
formation. Contrails sedimenting into other clouds may get radiatively shielded by the clouds 403 
above the contrail.  404 
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One may distinguish between externally and internally limited lifecycles of contrails. 405 
Contrails are considered to be limited externally when the changing meteorology limits the 406 
lifetime, e.g., by sublimation in subsiding air masses. Contrails are limited internally, when 407 
the contrails end by sublimation or sedimentation even for fixed meteorology. For both kinds 408 
of contrail cirrus, the energy forcing EF (time integral of local radiative forcing RF’ weighted 409 
with contrail width (Schumann et al. 2012a)) depends on the lifetime. To first order, the EF of 410 
externally limited contrails increases with the square of the lifetime and the third root of the 411 
number of contrail ice particles per flight distance. For internally limited contrails, the EF 412 
depends even more strongly on Nice.  413 
The ice mass I and optical depth τ of contrails increases as RHi increases (Unterstrasser 414 
and Gierens 2010b). But this does not necessarily imply that high RHi gives a high climate 415 
impact EF. Contrail particles remain small for low ice supersaturation but may exist for a long 416 
time because of low fall speeds. For high humidity, the contrail ice particles get large but 417 
sediment quickly, so that EF may get largest for weak but long lasting supersaturation 418 
(Lewellen 2014; Schumann et al. 2015).  419 
In-situ measurements of aged contrails are difficult because the pilots can hardly 420 
distinguish aged contrails from thin cirrus during flight. Thick contrails were followed for 421 
ages up to 40 min (Heymsfield et al. 1998; Schröder et al. 2000; Febvre et al. 2009; Jones et 422 
al. 2012) and results are included in Fig. 3. Many aged contrails have been sampled with 423 
novel cloud instruments on the new research aircraft HALO during the ML-CIRRUS 424 
campaign in 2014 (Voigt et al. 2016). In fact, natural cirrus, totally unaffected by aircraft 425 
emissions, is rare over Europe. Contrails were measured for contrail ages of at least 1.8 h. 426 
Contrail cores were identified from enhanced NOx emissions, traffic data, and trajectory 427 
analysis. These contrail parts were found to have still higher concentrations of relatively small 428 
ice particles than ambient cirrus. 429 
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Important progress has also been achieved by remote sensing of contrails. More than 430 
3400 contrails have been identified in collocated MODIS-CALIPSO images (Iwabuchi et al. 431 
2012). The data brought important statistics on contrail occurrence in the Northern 432 
hemisphere and on altitude, width, depth, and length of contrails, lidar backscatter and 433 
depolarization, and optical depth. The thinnest contrails detectable in this manner have optical 434 
depth >0.03.  435 
Contrails were identified from MODIS and METEOSAT satellite images with an 436 
automatic contrail detection algorithm (ACTA) and traced forward and backward in time in 437 
METEOSAT images with 5 min temporal and ~4 km horizontal resolution (Vázquez-Navarro 438 
et al. 2015). The study observed 2400 contrails, mainly over the Atlantic and Europe at 439 
northern midlatitudes, partly multiple times (with increasing ages) during their lifecycle up to 440 
maximum ages (lifetimes) of 19 h, and evaluated their optical depth (see Fig. 5), height, 441 
width, shortwave (SW) and longwave (LW) RF’, as induced by contrails visible, after some 442 
dwell time, to METEOSAT. Fig. 6 depicts the observed ages of contrails detected this way. 443 
Mean values retrieved are 1 h age, 130 km length, 8 km width, 11.7 km altitude, 0.34 optical 444 
thickness. Local RF’ values of order ±20 W m-2 and EF values of up to 400 GJ km-1 during 445 
night and -875 GJ km-1 over water during daytime were derived. Many contrails are cooling 446 
during day. Figure 7 compares the local RF’ values derived from these data with results 447 
computed with the Contrail Cirrus Prediction Model (CoCiP) coupled to the climate-aerosol 448 
model CAM3+/IMPACT (Schumann et al. 2015). The model computes thick and thin 449 
contrails with small RF’ values, while the observations see mainly the thicker contrails. Both 450 
show positive LW and negative SW local RF’ values of order 20 W m-2, about 1000 times 451 
larger than the global mean, consistent with previous observations (Khvorostyanov and 452 
Sassen 1998; Haywood et al. 2009; Laken et al. 2012).  453 
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Much has been learned about the fate of aged contrails during dispersion using LES 454 
models. Lewellen (2014) analyzed lifetime-integrated properties from 200 individual contrail 455 
LES simulations. Contrails reached lifetimes >40 h, widths >100 km, and ice masses >50 kg 456 
m-1. The lifetime-integrated ice crystal surface area per length of flight path SS ~  Nice  rarea2 457 
dt is used as an approximate metric of contrail climate significance. For constant radiative 458 
properties of the ice particles, this integral is related to the energy forcing discussed before. 459 
Over much of the parameter space, SS is found to vary approximately with the product of the 460 
maximum contrail depth and effective number of ice crystals per flight path. None of the LES 461 
studies includes the full variability of ambient meteorology, so that lifetimes are likely 462 
overestimated.  463 
The scale-range from single-engine jets to the global scale is too large to be covered by 464 
LES. Hence, simplified models are used to bridge the scales. Simplified models may be based 465 
on scale analysis (Lewellen 2014). An alternative is to use a Lagrangian contrail model, 466 
which follows individual contrail segments, using data from weather predictions or climate 467 
models, and to simulate the lifecycle of all individual contrail segments as forming for given 468 
traffic routes from the global fleet of aircraft. Such an approach has been implemented in 469 
CoCiP (Schumann 2012). As shown in Figures 3 to 7, the range of model results is in general 470 
agreement with the available observations.  471 
2.6 Optical properties  472 
The climate impact of contrails depends on the optical properties of ice particles and 473 
contrails, i.e., besides size and number, mainly on particle habit and contrail optical depth 474 
(Yang et al. 2015). Ice particles are never exactly spherical but may have a near-spherical 475 
shape (possibly droxtals (Thuman and Robinson 1954)) just after freezing from liquid 476 
droplets, and become more non-spherical in humid air quickly thereafter (Bailey and Hallett 477 
2009). Non-spherical ice particles backscatter solar light more strongly laterally and 478 
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backwards than do ice spheres. Ice particles with rough surfaces may scatter more strongly 479 
than with smooth surfaces. Hence, the SW RF by contrails is underestimated (the net RF is 480 
overestimated) when spherical ice crystals are used to represent contrails (Meerkötter et al. 481 
1999; Markowicz and Witek 2011). Schröder et al. (2000) found near-spherical ice particles 482 
of a few m size in young contrails and non-spherical ones in aged contrails and in thin cirrus 483 
from images of replica on coated films. Jones et al. (2012) found small (10 m) plate-like 484 
crystals in persistent contrails, while larger particles retained a hexagonal habit. Hexagonal 485 
plates were also deduced from optical halo observations in aged contrails (aufm Kampe 1943; 486 
Sussmann 1997). Gayet et al. (2012) found a decrease of the asymmetry parameter of contrail 487 
particles with contrail age in the wake of an A380 aircraft until 4 min contrail age. Xie et al. 488 
(2012) derived a contrail habit parameterization matching lidar-observed contrails (Iwabuchi 489 
et al. 2012). Schumann et al. (2011) suggested a size-dependent particle habit mix for contrail 490 
cirrus studies by combining droxtal-shape particles for small contrail particles and a 491 
parameterization for cirrus (Baum et al. 2005) for large contrail particles.  492 
The cumulative distribution function of optical depth  (near 550 nm) has a negative 493 
skewness, see Fig. 5: A few contrails get thick while most have small ; some are subvisible, 494 
and only the thicker ones are observable (Immler et al. 2008; Kärcher and Burkhardt 2013). 495 
Early studies assumed large τ values, based on a few lidar observations (Meerkötter et al. 496 
1999). Some global models suggest large fractions of subvisible contrails and τ mean values 497 
of about 0.05 (Ponater 2002; Grewe et al. 2014b). The optical depth of contrails is often large 498 
for young contrails because of many ice particles of sufficient size, grown by uptake of 499 
ambient humidity in narrow plumes with large depths (Freudenthaler et al. 1996; Voigt et al. 500 
2011). Later,  may grow in rising air masses with increasing humidity, but generally 501 
decreases and approaches zero while the contrails spread laterally and finally sublimate. 502 
Ground-based lidar and camera observations (Atlas and Wang 2010) detected 200 thin 503 
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contrails (average optical depth of 0.2) but one exceptionally thick contrail (τ2.3) under very 504 
humid conditions. A collection of observed  data is included in Fig. 3. Contrail cirrus may 505 
have 2-3 times larger optical depth than derived for linear contrails (Bedka et al. 2013; Minnis 506 
et al. 2013). A global mean optical depth 0.29 of contrail cirrus was computed in a global 507 
model (Schumann et al. 2015). The relatively thick contrails detected with MODIS/CALIOP 508 
(Iwabuchi et al. 2012) and with ACTA from METEOSAT observations (Vázquez-Navarro et 509 
al. 2015) have similar optical thickness, mean: 0.25 to 0.35. Hence, the mean optical depth of 510 
aged contrails is likely larger than estimated some years ago.  511 
3. Contrail cirrus  512 
3.1 Transition of contrails into contrail cirrus  513 
Eventually, contrails change their morphology depending on the humidity, shear, 514 
stratification, waves, turbulence, radiative heating, etc. Individual contrails mix with other 515 
contrails and with other cirrus, see Fig. 1g, forming “contrail cirrus” (Liou et al. 1990; 516 
Schumann and Wendling 1990). Overlapping contrails produce less total extinction than 517 
individual contrails, because of competition for humidity. This competition is  nicely 518 
illustrated in Fig. 8. Hence, the climate impact increases less than linearly with traffic density 519 
(Unterstrasser and Sölch 2012). The transition of an individual contrail into contrail cirrus can 520 
be observed for an aircraft flying spirals, as shown for an impressive example in Fig. 9 521 
(Haywood et al. 2009). “Contrail outbreaks” contain many aged and young contrails 522 
simultaneously and spread over large areas (Duda et al. 2001).  523 
3.2 Meteorological conditions for contrail occurrence.  524 
Contrail assessments require accurate data on ambient meteorology. The SAC criterion 525 
for contrail formation is satisfied only at low enough temperatures. Contrail persistence 526 
depends on a humidity threshold. Relative humidity depends on saturation pressure and hence 527 
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on temperature, and temperature and vertical motions are key determinants for humidity. Also 528 
the optical properties and life cycle of contrails depend strongly on meteorological properties, 529 
in particular on wind shear, vertical motions, turbulence and ambient cirrus clouds. Even 530 
more important, the RF and climate impact depend on all these meteorological parameters and 531 
in addition on the albedo and the brightness temperature of the atmosphere without contrails 532 
(Schumann et al. 2012a).  533 
Great progress has been achieved in numerical weather prediction (NWP) models with 534 
proper data assimilation over recent decades (Bauer et al. 2015). Hence, one may assume that 535 
temperature can be well predicted. In fact, NWP data have been found to differ from in-situ 536 
data at flight levels by less than 0.5 K on average (Dyroff et al. 2015). Such accuracies are 537 
more difficult to achieve in climate models, without data assimilation, which often suffer from 538 
a cold temperature bias at the tropopause (Marquart et al. 2003; Irvine and Shine 2015; Wu 539 
and Pauluis 2015). A cold bias not only increases the apparent relative humidity and the 540 
frequency of contrail formation but also increases the computed LW RF of contrails at those 541 
temperatures.  542 
Until recently, there was some uncertainty whether persistent contrails form only in cloud 543 
free supersaturated areas or also inside cirrus (Spichtinger et al. 2005; Burkhardt et al. 2008). 544 
Contrail formation in clear sky can be observed often. But contrails also form when the sky is 545 
covered, possibly with thin or even subvisible cirrus (Immler et al. 2008). The SAC threshold 546 
temperature of contrail formation is slightly higher in cirrus than in clear air (Gierens 2012), 547 
because the IWC from cirrus adds some humidity. High ice supersaturation has been 548 
measured in-situ outside and inside cirrus (Ovarlez et al. 2000; Jensen et al. 2001; Ovarlez et 549 
al. 2002; Comstock et al. 2004). Ice saturation inside cirrus is to be expected for long time 550 
scales of return to saturation, i.e., for small mean sizes of ice particles per volume (product 551 
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rarea nice) (Korolev and Mazin 2003). Contrails embedded in cirrus have been observed and are 552 
not much thinner than clear-air contrails (Gayet et al. 1996; Poellot et al. 1999). 553 
The frequency of ice supersaturated regions (ISSR) in the upper troposphere is not 554 
reliably known. Figure 10 compares mean frequencies of ice supersaturation from a global 555 
climatology of ISSR inferred from satellite data, NWP results and a climate model with thin-556 
cloud frequencies from a spaceborne lidar (Lamquin et al. 2012). Climate models tend to 557 
overestimate mean ISSR occurrence above the tropopause. Local ISSR are generally shallow, 558 
located close to the tropopause with sharp temperature changes (Birner et al. 2002), and form 559 
preferably in regions with upwind and divergent airflow (Gierens and Brinkop 2012). 560 
ECMWF reanalysis data (ERA interim) imply a mean frequency of 10 % of ISSR at 250 hPa 561 
(Irvine and Shine 2015). Airliners fly possibly 15 % of their time in ice supersaturated air 562 
masses (Gierens et al. 2012), with about 150 km ±250 km mean length (Gierens and 563 
Spichtinger 2000), seasonally variable (Spichtinger and Leschner 2016), consistent with 564 
observed contrail occurrences and lengths (Minnis 2003; Iwabuchi et al. 2012). The layers are 565 
often 600-800 m thick (extreme values 25 to 3000 m), with 30 % less than 100 m (Dickson et 566 
al. 2010).  567 
So far, most NWP use one-moment prognostic cloud schemes (only ice mass, not ice 568 
number). Some climate models use diagnostic parameterization with assumptions on subgrid 569 
scale humidity variability (Burkhardt et al. 2008). Several recent models permit ice 570 
supersaturation to occur (Liu et al. 2007; Lohmann et al. 2008), at least in the clear-sky 571 
portion of a grid cell (Tompkins et al. 2007). Irvine and Shine (2015) analyzed data from five 572 
models used for climate assessments and found that the frequency of exceeding 90% humidity 573 
in the annual and global mean at 250 hPa varies from 1 to 19 % (compared to 11 % for ERA-574 
Interim).  575 
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Accurate routine measurements of humidity values at tropopause levels are demanding. 576 
The recently revised MOZAIC data set (Smit et al. 2014) may be used to test previous 577 
estimates on ice supersaturation occurrence. Relative humidity depends on saturation 578 
conditions; a 0.5 K temperature bias causes 7 % change in RHi at temperature of -60°C. 579 
Aircraft humidity measurements have to be corrected for adiabatic heating by air compression 580 
in inlets, by 30 K for 240 m/s speed, in addition to sensor deicing heating (Helten et al. 1999). 581 
An RHi accuracy of 10 % is not easy to reach, therefore. During research measurement with 582 
the DLR Falcon, the sensors often indicated a slightly subsaturated ambient humidity (RHi= 583 
95 %) while the contrail that was measured was clearly increasing in IWC to amounts which 584 
could be explained only if RHi was near 115% (Gayet et al. 2012; Jeßberger et al. 2013).  585 
3.3 Contrail coverage 586 
Contrail coverage is ill-defined for several reasons. The product of contrail coverage and 587 
optical depth controls the radiative forcing (RF) (Lee et al. 2010). For a single contrail 588 
segment, this product equals the total extinction, EA. However, difficulties arise when 589 
coverage is diagnosed independently of optical depth. Young contrails are distinguished from 590 
other cirrus based on their line shape, and this criterion gets uncertain when the contrail gets 591 
deformed (Mannstein et al. 1999). Only a small fraction of all linear contrails are detectable 592 
from satellites (Mannstein et al. 2010; Minnis et al. 2013). The global contrail coverage was 593 
estimated in early studies from regional satellite observations, a potential contrail coverage for 594 
given temperature and humidity data, and traffic density (Sausen et al. 1998). Hemispheric 595 
observations became available only recently (Duda et al. 2013). Hence, it is not surprising that 596 
the coverage of line-shaped contrails derived from satellite data and models varies from about 597 
0.06 % to 0.15 % (Rap et al. 2010b; Frömming et al. 2011; Duda et al. 2013). The coverage 598 
by contrail cirrus may be far higher than by line-shaped contrails, and factors of order ten 599 
(Minnis et al. 2004; Stordal et al. 2005; Burkhardt and Kärcher 2011; Graf et al. 2012) have 600 
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been reported; but there is no unique ratio because it depends on the detectability of both, the 601 
line-shaped contrails and the total contrail cirrus.  602 
Burkhardt and Kärcher (2011) quantified the amount of contrail cirrus using the global 603 
climate model ECHAM CCmod that includes a subgrid-scale cloud class of young contrails. 604 
The model captures the life cycle of these man-made clouds and simulates their global 605 
coverage, as well as the changes in natural cloudiness that they induce. They computed 606 
contrail cirrus coverage of about 0.23 %. Recent attempts to quantify contrail cirrus from 607 
MODIS data, allowing for more diffuse contrail contributions, resulted in similar global 608 
coverage (Minnis et al. 2013). In CoCiP, the global contrail coverage is computed by 609 
superposing the τ contributions from all individual contrails and ambient cirrus and counting 610 
fractions of areas in which contrails cause the optical depth of the total cirrus to exceed a 611 
certain threshold (Schumann 2012). Contrails not only enhance cloud coverage but also 612 
thicken existing cirrus (Minnis et al. 2013; Schumann and Graf 2013) by causing more  ice 613 
particles, with smaller effective radius, at constant ice water content (Kristensson et al. 2000). 614 
This does not exclude that contrails consume humidity and hence reduce natural cirrus 615 
(Burkhardt and Kärcher 2011; Unterstrasser and Görsch 2014; Schumann et al. 2015), but the 616 
thickening by many additional small ice crystals  seems to dominate. 617 
3.4 Contrail-cirrus-soot interactions 618 
Soot from aviation may change cirrus properties also without prior contrail processing, 619 
causing “soot cirrus” (Jensen and Toon 1997; Penner et al. 2009; Lee et al. 2010). Modeling 620 
studies of the climate impact of aviation soot cirrus remain inconclusive because of the 621 
uncertainties in soot abundance and ice-nucleating properties (Koehler et al. 2009; Hendricks 622 
et al. 2011; Gettelman and Chen 2013; Zhou and Penner 2014). Enhanced small-sized cirrus 623 
particle concentrations with patterns similar to aviation-soot emissions (Ström and Ohlsson 624 
1998; Kristensson et al. 2000) have been observed by in-situ measurements in cirrus in 625 
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regions with dense air traffic. It is open whether the soot entered the ice during nucleation or 626 
later by scavenging.  627 
From sublimation of cirrus particles which contain soot (and sulfate) from nucleation or 628 
scavenging, soot aggregates may form, possibly with some acid water remainders, which may 629 
act as efficient ice nuclei later. On 3 November 2012, a special cirrus pattern was observed 630 
near Munich, Germany, as documented with several cameras and ground based lidar and 631 
radar. The camera observation method is described in Schumann et al. (2013b). The cirrus 632 
was observed between 9.1 and 9.5 km height, was 8-10 km wide, and 35-50 km long. The 633 
ambient temperature was below -42°C and the air was ice supersaturated. The cirrus cloud 634 
showed a pattern of cirrus with up to 10 parallel line clouds, as if it was formed from aged 635 
soot plumes, see Fig. 1e. Back-trajectories show that soot was emitted upstream about 12 h 636 
before the event by aircraft. The air ascended and formed cirrus about 4 h before the event. 637 
The cirrus lasted for about 1-2 h and then subsided some time and sublimated. About 40 min 638 
before the event, the air ascended again and formed the observed cirrus patch. Hence this 639 
could be cirrus formed on preactivated aircraft soot. Unfortunately, it cannot be excluded that 640 
the same pattern would have formed without air traffic. 641 
3.5 Contrail radiative forcing and efficacy 642 
The RF of contrails is the change in net radiances at top of the atmosphere (TOA) for 643 
adding contrails to a given atmosphere (Fuglestvedt et al. 2010). A positive RF causes a mean 644 
warming of the atmosphere. A recent study (Dietmüller et al. 2016) confirms that the 645 
instantaneous RF does not differ much from the adjusted RF, which is used as global metric 646 
for climate change (IPCC 1999). In contrast, RF’, the local RF can be defined as the 647 
instantaneous change in net incoming radiation for 100 % contrail coverage locally. Contrail 648 
RF is composed of a LW and a SW part which depend on traffic and time of day (see Fig. 11). 649 
In addition, RF depends on several contrail and Earth–atmosphere-system parameters 650 
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(Meerkötter et al. 1999). Foremost, RF’ of a contrail cirrus layer depends on the optical depth 651 
 (at solar wavelengths), RF’  (dRF’/dτ) τ, where the change of RF’ with optical depth is of 652 
order 100 W/m2. The dependency of RF on IWP is less systematic than on τ (De Leon et al. 653 
2012; Schumann et al. 2012b). The LW RF is positive day and night, and largest for a cold 654 
contrail (near the tropopause) over a warm cloud-free Earth surface. The shortwave RF is 655 
mostly negative and largest for contrails over dark surfaces (e.g., cloud-free oceans) 656 
(Meerkötter et al. 1999). A new parameterized model was developed to compute the contrail 657 
RF (Schumann et al. 2012b) for millions of contrail segments efficiently. The model 658 
calculates the RF using the TOA radiances for the contrail free atmosphere as input, as 659 
available from NWP. The model parameters are fit to accurate calculations with libRadtran 660 
(Mayer and Kylling 2005) over a range of conditions. The model and observations show large 661 
regional RF’ values, see Fig. 7.  662 
The contrail RF computed within a global model depends on the representation of the 663 
contrails, on the state of the atmosphere, and on the radiation transfer model used. Myhre et 664 
al. (2009) defined a useful test of contrail RF computations, also applied by others (Rap et al. 665 
2010b; Frömming et al. 2011; Schumann et al. 2012b; Grewe et al. 2014b; Dietmüller et al. 666 
2016). The test considers a 1% homogeneous contrail coverage with fixed contrail properties 667 
around 10.5-km altitude and optical depth of 0.3. For various atmosphere and radiation 668 
transfer models, the comparison revealed net contrail RF values ranging within a factor of 669 
two. However, the results vary far more when each model uses its own selection of optical 670 
contrail properties. Unfortunately, the papers reporting results on the Myhre test so far missed 671 
to document the contrail temperature, Earth albedo, etc., which would be needed to explain 672 
RF model differences. The ratio of the absolute values of the SW RF to LW RF varies in these 673 
and other studies from 0.2 to 1 (Schumann and Graf 2013). The net RF depends on how far 674 
the LW and SW components cancel each other. For fixed LW RF, the net RF is the smaller 675 
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the larger the absolute SW/LW RF ratio. This uncertainty is of large importance for 676 
quantifying contrail net RF (Boucher et al. 2013). Combined observational and model studies 677 
are needed to constrain the SW/LW RF ratio better, for contrails and cirrus.  678 
The RF by contrails has been computed in a variety of model studies. Burkhardt and 679 
Kärcher (2011) compute an RF due to contrail-cirrus of about 31 mWm-2, including -7 mW 680 
m-2 for reduced natural cirrus because the contrails consume part of the available water. For 681 
slightly higher traffic density (year 2006 instead of 2002), a revised version of this model 682 
computes a total contrail cirrus RF of 56 mW m-2 (submitted paper). Chen and Gettelman 683 
(2013) compute smaller contrail cirrus RF values, 13 ±10 mW m-2. Their model assumes far 684 
smaller contrail cirrus ages and ice water contents than other models. Schumann and Graf 685 
(2013) determined the RF from aviation-induced cloud changes (beyond individual contrails) 686 
by combining observations and model results, see Fig. 12. A double peak in the diurnal cycle 687 
of cirrus coverage and outgoing LW radiation was detected in the North Atlantic region in 688 
correlation with air traffic peaks, one in early morning and one during afternoon. Single 689 
images of cirrus derived from METEOSAT with the MeCiDa algorithm (Ewald et al. 2013) 690 
often show cirrus patterns indicating aviation induced cirrus changes (for an animation see 691 
Graf et al. (2012)). The mean change in outgoing longwave radiation derived from the 692 
observations amounts to 600–900 mW m-2 for the North Atlantic, a large regional value. 693 
CoCiP simulates similar diurnal cycle results for given traffic and meteorological data from 694 
ECMWF, but only when increasing humidity by about 10 % in the upper troposphere. 695 
Extrapolation with global/regional RF ratios from several models implies a global net RF of 696 
about 50 mW m-2 (40-80 mW m-2) (Schumann and Graf 2013). These results were used to 697 
assess the mean RF and its uncertainty range (IPCC 2013). Recently, CoCiP was run coupled 698 
with CAM3+/IMPACT to study the effects of humidity exchanges between contrails and 699 
cirrus and the redistribution of humidity in the atmosphere by contrail ice particles (Schumann 700 
et al. 2015). The RF values from some of these studies are compiled in Fig. 13. The net RF 701 
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results differ less between the simulations than the SW to LW ratio. In all these results, the net 702 
RF is positive (implying warming) in the global mean, with an important diurnal cycle. Still, 703 
individual contrails often cool, and the local RF’ values are far larger than the global mean 704 
values (Fig. 7).  705 
The global net RF is often taken as a first-order estimate of the global-mean surface 706 
temperature change Ts (Fuglestvedt et al. 2010), Ts =  RF, with a climate sensitivity 707 
parameter  of 0.8±0.4 K W-1 m2 for a doubling of CO2 (Stuber et al. 2005). Different forcing 708 
mechanisms can have very different . The ratio of  for contrail-cirrus RF to that for RF 709 
from CO2 is the “climate efficacy” (Hansen et al. 2005) of contrail cirrus. The efficacy of 710 
contrail RF is not well known. Reported efficacy values vary from 0.3 (Rap et al. 2010a) to 711 
0.6 (Ponater et al. 2005). The LW RF and the SW RF of contrail cirrus follow from different 712 
forcing mechanisms (LW warming in the upper troposphere, SW cooling at the surface, 713 
different diurnal cycles). It may turn out that the warming by contrails is far less than what the 714 
RF suggests.  715 
4. Achievements, open issues, and the way forward 716 
Since recent reviews (Heymsfield et al. 2010; Lee et al. 2010), much progress has been 717 
made in understanding contrail formation and contrail cirrus: Recent studies cover the whole 718 
lifecycle of contrails. The coupling of contrail formation processes with other climate system 719 
components has been modelled to some degree. Some first observational constraints for 720 
contrail cirrus occurrence and RF have been developed. Key parameters controlling the 721 
climate impact of contrails have been identified, as summarized in Table 1. Observation data 722 
of contrail properties compare reasonably with model results. No obvious indication for 723 
strong shattering effects has been found in past contrail measurements.  724 
Several open issues limit progress: It is unclear why contrails are often optically thicker 725 
than expected from measured or modeled humidity. Is this an effect of underestimated ice-726 
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supersaturation, small-scale vertical motions causing locally higher humidity, or of additional 727 
particle production? The global climate impact of contrails depends strongly on the SW/LW 728 
RF ratio. Is the uncertainty a consequence of the habit and optical properties of the ice 729 
particles or of ambient temperature and albedo of the Earth-atmosphere system? Also, future 730 
cirrus research should find out more about the ice nucleation properties of ice residuals, both 731 
from contrails and other cirrus. With respect to aerodynamic contrails, the number of ice 732 
particles surviving the wake vortex phase needs to be quantified as a prerequisite to assess its 733 
potential climate and precipitation impacts. In-situ ice particle measurements in young 734 
contrails seem to miss many of the smaller ice particles. 735 
Further research is needed to reduce uncertainties concerning the key parameters listed in 736 
Table 1. Among others, this requires complete sets of measurements which allow constraining 737 
model variants. In-situ measurements and remote sensing from ground, aircraft, and space-738 
instruments are to be combined with data on air traffic and weather for analysis. The contrail 739 
formation process from exhaust formation in the engine to end of the wake vortex phase needs 740 
to be investigated in more detail, in particular when discussing alternative fuels. New 741 
instruments are required to measure the small-size and small-scale cirrus properties in-situ 742 
combined with remote sensing of the ambience at contrail scales to determine local and 743 
integral contrail properties and cause-effect relationships simultaneously. Representation of 744 
ice supersaturation, temperature, wind shear, and vertical motions in NWP and climate 745 
models need to be improved. New ideas are needed to account for the complex contrail-746 
climate interactions at scales from local contrail formation to global. The climate impact of 747 
contrail cirrus for given radiative forcing properties needs to be better quantified. 748 
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Table 1. Key parameters controlling contrail properties and effects 1203 
Number of ice particles in young 
contrails, Nice 
Contrail lifetime, age Climate impact 
Emissions, wake dynamics Initial number of ice 
particles 
Total extinction and lifetime 
Number of soot particles Ambient RHi, T, p, DIS Temperature 
Ambient RHi, p, Temperature Mixing and sedimentation Solar and terrestrial top of the 
atmosphere radiances 
Particle losses in sinking wake 
vortex 
Ambient vertical motion  Efficacy 
  1204 
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List of symbols 1205 
Symbol Description Unit 
Ai, Ac Area of an ice particle and contrail cross-section m
2 
b0 Wake vortex scale m 
cp Specific heat capacity of air at constant pressure J kg
-1 K-1 
C rvol/reff 1 
D, Dc, Dw, DIS Depth, contrail depth, wake depth, ice saturation layer depth m 
DH2O Diffusivity of vapor in air m
2 s-1 
EA Total extinction per flight distance m 
EF Energy forcing, lifetime W RF’ dt J m
-1 
EI, EIH2O, EIsoot Mass emission index, of water and soot kg kg
-1 
fc, fs Fraction of ice-forming soot particles, and of ice particles 
surviving the wake vortex phase 
1 
F Aircraft engine thrust N 
g Gravity m s-2 
G Slope of mixing line Pa K-1 
I Total ice mass per contrail length kg m-1 
IWC Ice water content kg m-3 
mi, msoot mass of an ice particle, soot particles kg 
mF Fuel consumption per flight distance kg m
-1 
M Aircraft mass kg 
Mair, MH2O Molar mass of air and water molecules kg mol
-1 
NBV Brunt-Väisälä frequency s
-1 
NBV
* NBV t0, stratification parameter 1 
Ndil Dilution ratio (plume mass per burned fuel mass) 1 
52 
 
nice Ice particle concentration m
-3 
Nice Total ice particle number per contrail length m
-1 
p, pice, psat Pressure, ice saturation pressure, liquid saturation pressure Pa 
PEI, PEIice, 
PEIsoot 
Particle number emission index, apparent PEI for ice, PEI for 
soot 
kg-1 
Q Fuel combustion heat J kg-1 
Qext Extinction efficiency 1 
rarea, reff, rvol Area, effective, volume mean radius m 
RF, RFLW, RFSW Radiative forcing, longwave RF and shortwave RF W m
-2 
RF’ Local RF W m-2 
RH, RHi Relative humidity for liquid and ice saturation 1 
s Wing span m 
SS Ice particle surface area time integral, lifetime Nice  rarea2 dt m s 
t Time s 
T Temperature K 
V Aircraft air speed   m s-1 
w0 Wake vortex velocity scale m s
-1 
W Contrail width m 
t Turbulent kinetic energy dissipation rate m
2 s-3 
t* Non-dimensional dissipation rate 1 
 Overall propulsion efficiency 1 
0 Initial wake vortex circulation m
2 s-1 
 Surface temperature climate sensitivity K W
-1 m2 
, ice  Air density, ice bulk density kg m
-3 
τ Optical depth (at solar wavelengths) 1 
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Figure captions 1206 
 1207 
Figure 1. Contrail types. a) Exhaust contrail (photo by Josef P. Williams (Unterstrasser et al. 1208 
2012)). b) Aerodynamic contrail (photo by Dieter Klatt (Gierens et al. 2011)). c) Aircraft-1209 
induced lines and holes in supercooled liquid clouds (cloud top temperatures -35°C to -25°C); 1210 
section of image with blue border lines, near North-West corner of Texas (29 January 2007, 1211 
NASA, Jeff Schmaltz, MODIS Rapid Response Team). d) Contrail visible shortly behind 1212 
B747-400 engines, 38000 ft, -61°C, 28 May 2004, photo by Robert Falk. e) “Soot cirrus” 1213 
observed at DLR, Oberpfaffenhofen, 9:05 UTC 3 Nov 2013. f) Persistent contrails west of 1214 
lake Ammersee, Germany, photo by Ch. Koenig, DLR, 23 June 2002. g) Persistent contrails 1215 
and contrail cirrus, a false color NOAA-12 AVHRR image, 5 April 1995, processed by DLR. 1216 
 1217 
Figure 2. a) Contrail formation principle (for G=1.65 Pa/K), identifying the points LM 1218 
(maximum liquid saturation), L1 (first liquid saturation) and L2 (last liquid saturation) for 1219 
given environment (E, TE= 220 K, RHi= 1.1) and SAC threshold conditions (LC). Probability 1220 
density functions of persistent contrail formation thermodynamics for 2006 air traffic from the 1221 
ACCRI project and NWP data from ECMWF: b) overall-propulsion efficiency , c) pressure; 1222 
d) threshold temperature difference above ambience, e) relative humidity RHi over ice and 1223 
potential RHLM over liquid saturation at LM without phase changes, f) temperature at L1, LM, 1224 
L2, and E (colors as in panel a). 1225 
 1226 
Figure 3. Mean contrail properties versus age. a) Ice number concentration, b) ice water 1227 
content, c) volume mean radius, d) optical depth, e) contrail width, f) geometrical depth, from 1228 
in-situ measurements (red) (Knollenberg 1972; Baumgardner and Cooper 1994; Poellot et al. 1229 
1999; Schröder et al. 2000; Gao et al. 2006; Febvre et al. 2009; Heymsfield et al. 2010; Voigt 1230 
et al. 2011; Jones et al. 2012; Jeßberger et al. 2013; Schumann et al. 2013a; Kaufmann et al. 1231 
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2014) and remote sensing observations (blue) (Hoshizaki et al. 1975; Baumann et al. 1993; 1232 
Freudenthaler et al. 1995, 1996; Minnis et al. 1998; Spinhirne et al. 1998; Sussmann and 1233 
Gierens 1999; Duda et al. 2004; Atlas et al. 2006; Atlas and Wang 2010; Schumann et al. 1234 
2013b) and from CoCiP model simulations (shaded regions with white lines for minimum, 1235 
10%, 50%, 90%, and maximum percentiles (Schumann et al. 2015)). The cyan curves in panel 1236 
d) show corresponding percentiles of optical depth data from ACTA (Vázquez-Navarro et al. 1237 
2015).  1238 
 1239 
Figure 4. Maximum wake vortex sinking distance or contrail depth D versus Brunt-Väisälä 1240 
frequency NBV, normalized with wake vortex scales. Adapted from Schumann (2012) with 1241 
additions. The red, blue, and black lines depict a parameterization for fixed dissipation t* = 1242 
0.01, 0.05, and 0.23, respectively (Holzäpfel 2003). The value of t* is given in the legend 1243 
when known. Filled symbols are for wake vortex descent from LES (Delisi and Robins 2000; 1244 
Hennemann and Holzäpfel 2011; Misaka et al. 2012; De Visscher et al. 2013; Picot et al. 1245 
2015), tank experiments (Sarpkaya 1983; Delisi and Robins 2000; Delisi and Greene 2009), 1246 
and field experiments (AWIATOR) (de Bruin and Kannemans 2004). The one-sided error 1247 
bars for NBV=0 indicate that vortex rings may descend even further in quiet air. Open symbols 1248 
are contrail depth values D from observations (CONCERT (Jeßberger et al. 2013), 1-2 min 1249 
ages) and LES (Lewellen et al. 2014; Unterstrasser and Görsch 2014; Picot et al. 2015) for 4-1250 
6 min ages. Single letters in the legend identify author initials. 1251 
 1252 
Figure 5. Cumulative probability distribution of optical depth of contrail cirrus from 1253 
simulations and observations. Adapted from Grewe et al. (2014b) with additions: 1254 
G: (Grewe et al. 2014b), F: (Frömming et al. 2011), K: (Kärcher and Burkhardt 2013), Vo: 1255 
(Voigt et al. 2011), I: (Iwabuchi et al. 2012), Va: (Vázquez-Navarro et al. 2015), S: 1256 
(Schumann et al. 2015), D: (Duda et al. 2015). 1257 
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 1258 
Figure 6. Probability density functions of ages of contrails in simulations (CoCiP-CAM) and 1259 
in satellite observations (ACTA). Data from Schumann et al. (2015) and Vázquez-Navarro et 1260 
al. (2015). 1261 
 1262 
Figure 7. Probability density functions of local longwave (LW, black) and shortwave (SW, 1263 
red) local radiative forcing values (RF’) of contrails derived from satellite observations (open 1264 
symbols, ACTA) (Vázquez-Navarro et al. 2015) and a coupled contrail/climate model 1265 
simulation (closed symbols) (Schumann et al. 2015). 1266 
 1267 
Figure 8. The development of the extinction of a contrail cluster consisting initially of 8 1268 
individual contrails with time (top: 1 h, bottom: 2 h). Adapted from Unterstrasser and Sölch 1269 
(2012). 1270 
 1271 
Figure 9. Evolution of contrail cirrus from a spiral flight. Contrail cirrus is identified by bright 1272 
white areas with low infrared (10.8 m) brightness temperature. The satellite scenes are from 1273 
NOAA AVHRR for 3 UTC times: 10:06 (age  1 h), 12:02 ( 3 h), 15:26 ( 6.5 h), from left 1274 
to right. Adapted from Haywood et al. (2009).  1275 
 1276 
Figure 10. Zonal means of ice supersaturation occurrence frequencies (%) from a) ECMWF, 1277 
b) ECHAM, and c) AIRS, and d) frequency of high cloud occurrence from CALIOP. The 1278 
lines depict the zonal mean tropopause, as computed from the AIRS data, in all panels. 1279 
Adapted from Lamquin et al. (2012). 1280 
 1281 
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Figure 11. Global mean diurnal cycle of air traffic density, contrail cirrus coverage, and LW, 1282 
SW and net RF versus local time, as derived from model simulation results (Schumann et al. 1283 
2015).  1284 
 1285 
Figure 12. Left: Cirrus coverage (for τ>0.1) in a North Atlantic region, shortly before (0:00 1286 
UTC) and after (4:45 UTC) passage of a large number of airliners from North America to 1287 
Europe (Graf et al. 2012). Right: Diurnal cycle of cirrus coverage (top) and LW RF (bottom) 1288 
in the North Atlantic region versus time of day as derived from METEOSAT observations, for 1289 
8 individual years (thin lines) and in the 8-year mean (thick lines), and as modeled with 1290 
CoCiP (thick dash-dotted). The red line shows the diurnal cycle of air traffic density (ATD). 1291 
Adapted from Schumann and Graf (2013).  1292 
 1293 
Figure 13. Global mean radiative forcing RF from contrail cirrus (LW: longwave; SW: 1294 
shortwave; dehydration (deh.): from humidity changes in the background atmosphere; net: 1295 
sum. Results from three global model studies: a) Burkhardt and Kärcher (2011), b) Schumann 1296 
and Graf (2013), c) Schumann et al. (2015).  1297 
 1298 
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 1300 
  1301 
Figure 1. Contrail types. a) Exhaust contrail (photo by Josef P. Williams (Unterstrasser et al. 1302 
2012)). b) Aerodynamic contrail (photo by Dieter Klatt (Gierens et al. 2011)). c) Aircraft-1303 
induced lines and holes in supercooled liquid clouds (cloud top temperatures -35°C to -25°C); 1304 
section of image with blue border lines, near North-West corner of Texas (29 January 2007, 1305 
NASA, Jeff Schmaltz, MODIS Rapid Response Team). d) Contrail visible shortly behind 1306 
B747-400 engines, 38000 ft, -61°C, 28 May 2004, photo by Robert Falk. e) “Soot cirrus” 1307 
observed at DLR, Oberpfaffenhofen, 9:05 UTC 3 Nov 2013. f) Persistent contrails west of 1308 
lake Ammersee, Germany, photo by Ch. Koenig, DLR, 23 June 2002. g) Persistent contrails 1309 
and contrail cirrus, a false color NOAA-12 AVHRR image, 5 April 1995, processed by DLR. 1310 
  1311 
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 1312 
 1313 
Figure 2. a) Contrail formation principle (for G=1.65 Pa/K), identifying the points LM 1314 
(maximum liquid saturation), L1 (first liquid saturation) and L2 (last liquid saturation) for 1315 
given environment (E, TE= 220 K, RHi= 1.1) and SAC threshold conditions (LC). Probability 1316 
density functions of persistent contrail formation thermodynamics for 2006 air traffic from the 1317 
ACCRI project and NWP data from ECMWF: b) overall-propulsion efficiency , c) pressure; 1318 
d) threshold temperature difference above ambience, e) relative humidity RHi over ice and 1319 
potential RHLM over liquid saturation at LM without phase changes, f) temperature at L1, LM, 1320 
L2, and E (colors as in panel a).  1321 
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 1322 
Figure 3. Mean contrail properties versus age. a) Ice number concentration, b) ice water 1323 
content, c) volume mean radius, d) optical depth, e) contrail width, f) geometrical depth, from 1324 
in-situ measurements (red) (Knollenberg 1972; Baumgardner and Cooper 1994; Poellot et al. 1325 
1999; Schröder et al. 2000; Gao et al. 2006; Febvre et al. 2009; Heymsfield et al. 2010; Voigt 1326 
et al. 2011; Jones et al. 2012; Jeßberger et al. 2013; Schumann et al. 2013a; Kaufmann et al. 1327 
2014) and remote sensing observations (blue) (Hoshizaki et al. 1975; Baumann et al. 1993; 1328 
Freudenthaler et al. 1995, 1996; Minnis et al. 1998; Spinhirne et al. 1998; Sussmann and 1329 
Gierens 1999; Duda et al. 2004; Atlas et al. 2006; Atlas and Wang 2010; Schumann et al. 1330 
2013b) and from CoCiP model simulations (shaded regions with white lines for minimum, 1331 
10%, 50%, 90%, and maximum percentiles (Schumann et al. 2015)). The cyan curves in panel 1332 
d) show corresponding percentiles of optical depth data from ACTA (Vázquez-Navarro et al. 1333 
2015).  1334 
 1335 
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 1336 
Figure 4. Maximum wake vortex sinking distance or contrail depth D versus Brunt-Väisälä 1337 
frequency NBV, normalized with wake vortex scales. Adapted from Schumann (2012) with 1338 
additions. The red, blue, and black lines depict a parameterization for fixed dissipation t* = 1339 
0.01, 0.05, and 0.23, respectively (Holzäpfel 2003). The value of t* is given in the legend 1340 
when known. Filled symbols are for wake vortex descent from LES (Delisi and Robins 2000; 1341 
Hennemann and Holzäpfel 2011; Misaka et al. 2012; De Visscher et al. 2013; Picot et al. 1342 
2015), tank experiments (Sarpkaya 1983; Delisi and Robins 2000; Delisi and Greene 2009), 1343 
and field experiments (AWIATOR) (de Bruin and Kannemans 2004). The one-sided error 1344 
bars for NBV=0 indicate that vortex rings may descend even further in quiet air. Open symbols 1345 
are contrail depth values D from observations (CONCERT (Jeßberger et al. 2013), 1-2 min 1346 
ages) and LES (Lewellen et al. 2014; Unterstrasser and Görsch 2014; Picot et al. 2015) for 4-1347 
6 min ages. Single letters in the legend identify author initials.  1348 
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 1349 
Figure 5. Cumulative probability distribution of optical depth of contrail cirrus from 1350 
simulations and observations. Adapted from Grewe et al. (2014b) with additions: 1351 
G: (Grewe et al. 2014b), F: (Frömming et al. 2011), K: (Kärcher and Burkhardt 2013), Vo: 1352 
(Voigt et al. 2011), I: (Iwabuchi et al. 2012), Va: (Vázquez-Navarro et al. 2015), S: 1353 
(Schumann et al. 2015), D: (Duda et al. 2015).. 1354 
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 1356 
 1357 
Figure 6. Probability density functions of ages of contrails in simulations (CoCiP-CAM) and 1358 
in satellite observations (ACTA). Data from Schumann et al. (2015) and Vázquez-Navarro et 1359 
al. (2015). 1360 
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 1362 
 1363 
Figure 7. Probability density functions of local longwave (LW, black) and shortwave (SW, 1364 
red) local radiative forcing values (RF’) of contrails derived from satellite observations (open 1365 
symbols, ACTA) (Vázquez-Navarro et al. 2015) and a coupled contrail/climate model 1366 
simulation (closed symbols) (Schumann et al. 2015). 1367 
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1369 
Figure 8. The development of the extinction of a contrail cluster consisting initially of 8 1370 
individual contrails with time (top: 1 h, bottom: 2 h). Adapted from Unterstrasser and Sölch 1371 
(2012).  1372 
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 1374 
    1375 
 1376 
Figure 9. Evolution of contrail cirrus from a spiral flight. Contrail cirrus is identified by bright 1377 
white areas with low infrared (10.8 m) brightness temperature. The satellite scenes are from 1378 
NOAA AVHRR for 3 UTC times: 10:06 (age  1 h), 12:02 ( 3 h), 15:26 ( 6.5 h), from left 1379 
to right. Adapted from Haywood et al. (2009).  1380 
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 1382 
 1383 
Figure 10. Zonal means of ice supersaturation occurrence frequencies (%) from a) ECMWF, 1384 
b) ECHAM, and c) AIRS, and d) frequency of high cloud occurrence from CALIOP. The 1385 
lines depict the zonal mean tropopause, as computed from the AIRS data, in all panels. 1386 
Adapted from Lamquin et al. (2012). 1387 
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 1390 
 1391 
Figure 11. Global mean diurnal cycle of air traffic density, contrail cirrus coverage, and LW, 1392 
SW and net RF versus local time, as derived from model simulation results (Schumann et al. 1393 
2015).  1394 
  1395 
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 1396 
 1397 
 1398 
 1399 
Figure 12. Left: Cirrus coverage (for τ>0.1) in a North Atlantic region, shortly before (0:00 1400 
UTC) and after (4:45 UTC) passage of a large number of airliners from North America to 1401 
Europe (Graf et al. 2012). Right: Diurnal cycle of cirrus coverage (top) and LW RF (bottom) 1402 
in the North Atlantic region versus time of day as derived from METEOSAT observations, for 1403 
8 individual years (thin lines) and in the 8-year mean (thick lines), and as modeled with 1404 
CoCiP (thick dash-dotted). The red line shows the diurnal cycle of air traffic density (ATD). 1405 
Adapted from Schumann and Graf (2013). 1406 
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 1408 
 1409 
 1410 
Figure 13. Global mean radiative forcing RF from contrail cirrus (LW: longwave; SW: 1411 
shortwave; dehydration (deh.): from humidity changes in the background atmosphere; net: 1412 
sum. Results from three global model studies: a) Burkhardt and Kärcher (2011), b) Schumann 1413 
and Graf (2013), c) Schumann et al. (2015).  1414 
 1415 
